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ABSTRACT
The physical mechanisms driving star formation (SF) in galaxies are still not fully understood. Tidal dwarf galaxies (TDGs), made of
gas ejected during galaxy interactions, seem to be devoid of dark matter and have a near-solar metallicity. The latter makes it possible
to study molecular gas and its link to SF using standard tracers (CO, dust) in a peculiar environment. We present a detailed study
of a nearby TDG in the Virgo Cluster, VCC 2062, using new high-resolution CO(1–0)? data from the Plateau de Bure, deep optical
imaging from the Next Generation Virgo Cluster Survey (NGVS), and complementary multiwavelength data. Until now, there was
some doubt whether VCC 2062 was a true TDG, but the new deep optical images from the NGVS reveal a stellar bridge between
VCC 2062 and its parent galaxy, NGC 4694, which is clear proof of its tidal origin. Several high-resolution tracers (Hα, UV, 8 µm,
and 24 µm) of the star formation rate (SFR) are compared to the molecular gas distribution as traced by the CO(1–0). Coupled with
the SFR tracers, the NGVS data are used with the CIGALE code to model the stellar populations throughout VCC 2062, yielding
a declining SFR in the recent past, consistent with the low Hα/UV ratio, and a high burst strength. HI emission covers VCC 2062,
whereas the CO is concentrated near the HI maxima. The CO peaks correspond to two very distinct regions: one with moderate SF
to the NE and one with only slightly weaker CO emission but with nearly no SF. Even where SF is clearly present, the SFR is below
the value expected from the surface density of the molecular and the total gas as compared to spiral galaxies and other TDGs. After
discussing different possible explanations, we conclude that the low surface brightness is a crucial parameter to understand the low
SFR.
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1. Introduction
Tidal dwarf galaxies (TDGs) are self-gravitating entities formed
from the tidal debris of interacting galaxies (see Duc 2012, and
references therein). Their stellar and star formation (SF) prop-
erties are similar to those of dwarf irregulars or blue compact
dwarfs, with the noticeable exception that their metallicity is
higher (about 1/3 solar to 1/2 solar) because they are recycled
objects, inheriting the metallicity of the outer regions of their
parent galaxies. Another relevant difference compared to non-
tidal dwarfs (called “classical” dwarf galaxies in the follow-
ing) is their expected lack of non-baryonic dark matter (DM)
if the standard Lambda cold dark matter (ΛCDM) cosmological
scenario is correct and DM is distributed in a large, pressure-
supported halo. Since a typical tidal interaction between two
galaxies mostly expels material from the disk, it is predicted that
? The reduced data cubes are available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/
only a fraction of DM resides in TDGs. This characteristic is the
strongest difference between TDGs and classical dwarfs, but it
is difficult to test because the dynamical and the visible masses
both need to be measured (see Duc 2012, for a review). A rough
estimate of the dynamical mass from the CO(1-0) linewidth gave
a low dark-to-visible mass ratio of the order ∼ 1 in 8 TDGs
(Braine et al. 2001), considerably lower than the value typically
found in classical dwarfs (baryon fraction of ∼ 30%, e.g. Lelli
et al. 2014). In order to better determine the dynamical mass,
high-quality, high-resolution spectral data are necessary to spa-
tially resolve the gas kinematics. This has been done, so far, in
three systems based on high-resolution HI data: NGC 5291, con-
taining three TDGs (Bournaud et al. 2007, revised in Lelli et al.
2015); NGC 7252 containing two objects (Lelli et al. 2015); and
VCC 2062 (Lelli et al. 2015). In all six TDGs, assuming dynam-
ical equilibrium, the dark-to-visible mass ratio is consistent with
1 giving strong support to the tidal origin of the objects.
A major challenge in astrophysics is understanding the pro-
cess of SF in galaxies and in particular how the star formation
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rate (SFR) is quantitatively related to the neutral gas (the SF
law). A useful parameter for this kind of study is the star for-
mation efficiency (SFE), which we define in this paper as the
SFR per molecular gas mass, SFE = SFR/Mmol1, the inverse of
the molecular gas consumption time, τdep. This parameter is rel-
atively constant in nearby spiral galaxies with a median value of
log(SFE) = -9.23 (Bigiel et al. 2011), suggesting that in these
objects the SFR is simply determined by the amount of avail-
able molecular gas. Starburst galaxies, however, form their stars
more efficiently with a SFE of about a factor of four to 10 higher
(Genzel et al. 2010; Daddi et al. 2010). The SFE at the dim end of
the luminosity range is much more difficult to measure because
molecular gas is hard to detect and quantify. In dwarf galaxies,
the low metallicity makes CO a poor tracer of the molecular gas
(see Bolatto et al. 2013, for a review). This is partly due to a low
molecular gas fraction, and partly due to a low metallicity since
the CO-to-H2 conversion factor, XCO, depends very sensitively
on this latter parameter and also on the radiation field, making
a quantitative measurement of the molecular gas mass difficult
even if CO is detected. Only in nearby galaxies with high sensi-
tivity and high-resolution CO data, allowing the study of individ-
ual Giant Molecular Clouds (GMCs), and with supplementary
infrared (IR) dust emission data, an estimate of the molecular gas
mass is possible without the need to know the CO-to-H2 conver-
sion factor. In this way, in M33 (metallicity 0.5 solar) and NGC
6822 (metallcity 0.3 solar) increases of the SFE of a factor 2-4
(M33, Gratier et al. 2010b), and 5-10 (NGC 6822, Gratier et al.
2010a) have been found. A possible reason for this high SFE
might be stronger stellar winds at low metallicities which clear
out more efficiently the surroundings of newly formed stars from
molecular gas (Dib et al. 2011). The lowest metallicity galaxies
with CO detections are WLM and the SMC (10-15% of solar
metallicity). In the two molecular clouds detected in WLM, the
SFE, at a scale of ∼ 100 pc is very similar to spiral galaxies, but
a factor of 10 lower than in the Orion Nebula (Elmegreen et al.
2013).
TDGs possess several differences compared to other galax-
ies and in particular classical dwarfs which make the study of
their SF law highly interesting. First of all, due to the close-to-
solar metallicity of TDGs the CO emission is a good tracer of the
molecular gas and allows a reliable measure of the molecular gas
mass. Thus, TDGs allow us to directly study the SF law based
on the molecular gas which is difficult in other dwarf galaxies.
The preliminary analysis of a small sample of TDGs with CO
data and measurements of their SFR showed that these objects
seem to follow the same relation as spiral galaxies (Lisenfeld
et al. 2002b), with the exception of VCC 2062, which showed a
low SFE. In order to study this low SFE in more detail, high an-
gular resolution interferometric data are needed (Lisenfeld et al.
2009).
A second difference is the low DM content. Even though
DM does not have a direct relation to SF, there are secondary ef-
fects, for example on the rotation curve, which has consequences
for dynamically driven SF thresholds (e.g. Toomre 1964; Hunter
et al. 1998) or SF laws that are based on the orbital timescales
(Kennicutt 1998). Ploeckinger et al. (2014, 2015) simulated the
evolution of SF and chemistry in TDGs and concluded that
TDGs can survive starburst episodes without being disrupted in
spite of their low DM content. In their models, even after an
initial starburst, the SF becomes self-regulated and continuous
1 Whenever we refer to the SFE with respect to a different gas phase,
we state this explicitly, for example SFE(gas) = SFR/Mgas, the SFE per
total neutral gas.
after a dynamical time. Finally, in TDGs the environmental con-
ditions are different among other things because of the presence
of tidal forces. The simulations of Ploeckinger et al. (2015) pre-
dict that compressive tidal forces can enhance the SF in TDGs
compared to classical dwarfs. Thus, given all these peculiarities,
TDGs are unique objects to investigate the universality of the SF
law in a different environment than that of spirals or classical
dwarf galaxies.
VCC 2062 is a dwarf galaxy of extremely low surface bright-
ness (central µv = 25.5 mag/′′) in the outskirts of the Virgo
Cluster. It is situated close to the perturbed, early-type galaxy
NGC 4694 and is linked to it by a broad, long HI plume (see
Fig. 1). It has been studied in detail by Duc et al. (2007) with
the conclusion that VCC 2062 is most likely an old TDG and
NGC 4694 a merger remnant. There are two main observa-
tional arguments that support this suggestion. Firstly, the oxy-
gen abundance (12+log(O/H) = 8.6, Duc et al. 2007) is about a
factor of 10 above the value expected from its blue magnitude
(MB = −13 mag) and makes VCC 2062 a clear outlier from
the established magnitude-metallicity relation followed by clas-
sical dwarf galaxies (e.g. Lee et al. 2003). This discards the hy-
pothesis that VCC 2062 is a preexisting dwarf galaxy and can
be well explained by the fact that VCC 2062 is made of recy-
cled gas from larger galaxies. The second evidence is the low
dynamical mass and dark-to-visible mass ratio which can be de-
rived from the atomic gas kinematics. Detailed modelling of the
HI distribution and kinematics and a comparison to the stellar
and gaseous mass by Lelli et al. (2015) yielded a dynamical-
to-barionic mass ratio of Mdyn/Mbar = 1.1 ± 0.6, i.e. a value
compatible with the absence of dark matter. The low dynami-
cal mass discards the hypothesis that VCC 2062 is the remnant
of a pre-existing Low Surface Brightness (LSB) galaxy, tidally
disrupted by NGC 4694. Whereas gas and stellar material could
have been lost in such a disruption, a considerable decrease of
the non-barionic dynamical mass is much more difficult to en-
visage.
VCC 2062 is one of the closest known gas-rich TDG and an
ideal object for a detailed study of the relation between molec-
ular gas and SF in an extreme environment. In this paper we
present interferometric, high-resolution CO(1-0) data (∼ 4′′, cor-
responding to a linear size of 330 pc at the distance of 17 Mpc)
which we use to study the distribution and the kinematics of
the molecular gas. The main goal is to study the SF law based
on a comparison of the distribution of the molecular gas to the
SFR measured with different tracers. Our rich multiwavelength
data-set furthermore allows us to model the optical-to-infrared
Spectral Energy Distribution (SED) to derive the present and
past SFR and the stellar mass.
2. The data
This paper makes use of a wide set of data, partly form our own
observations (CO(1-0)) and partly from the literature. The prop-
erties of the different data sets are summarized in Table 1.
2.1. CO(1-0) from Plateau de Bure
The observations were carried out between November 2010
and June 2011 in C and D configuration with the Plateau de
Bure Interferometer (PdBI) of the Institute de Radioastronomie
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Table 1. Summary of the observations used in this study.
Telescope Instrument/ λ0/ν0 FWHM 4cala
Filter [′′] [%]
GALEX FUX 0.154 µm 4.2 4.7
GALEX NUV 0.232 µm 5.3 2.8
NGVS u 0.381 µm 1 4.7
NGVS g 0.487 µm 1 4.7
NGVS i 0.769 µm 0.6 4.7
NGVS z 0.887 µm 1 9.6
Spitzer IRAC 3.5 µm 1.6 10
Spitzer IRAC 4.5 µm 1.7 10
Spitzer IRAC 5.8 µm 1.9 10
Spitzer IRAC 8.0 µm 2.0 10
Spitzer MIPS 24 µm 6 10
PdBI 12CO(1-0) 114.8 GHz 4.3 × 4.1 b -
VLA HI 1.45 GHz 14.7 × 14.3 -
Notes. (a) The calibration uncertainties are from Morrissey et al. (2007)
(GALEX), Raichoor et al. (2011) (NGVS), Fazio et al. (2004) (IRAC)
and Rieke et al. (2004); Engelbracht et al. (2007); Verley et al. (2009)
(MIPS). We do not include calibration errors in the CO and HI data.
(b) Beam FWHM of the taper90 datacuabe.
Millimetrique (IRAM)2. We observed two overlapping positions
with a central position of RA 12:48:00.2, DEC 10:58:10 and off-
sets of (5′′, 6′′) and (-14′′, 7′′). We observed the CO(1-0) line
at a central sky-frequency of 114.842 GHz corresponding to a
recession velocity of 1120 km s−1. The November data suffered
from cable phase inversion on antennas 5 and 6. The data were
corrected a posteri for this problem. The observations were car-
ried out under good weather conditions. 3C 273 was used as a
phase and flux calibrator. We used the correlator in two settings,
one providing a velocity resolution of 0.82 km s−1 and a band-
width of 203 km s−1, and the other at a velocity resolution of
6.2 km s−1 and a bandwidth of 2130 km s−1. The data with the
lower resolution and larger bandwidth were used to search for
emission at high velocity offsets and as an attempt to detect the
continuum emission. We did not find emission outside the veloc-
ity range explored with high-resolution data and neither did we
detect any continuum emission. In the following we focus our
analysis on the high-velocity resolution data.
We reduced the data following standard procedures using the
GILDAS3 software. Since the emission in our maps was rather
weak, we used natural weighting to maximize the sensitivity.
The untapered map achieved an angular resolution of 3.′′2 × 2.′′4
but showed only weak emission. We therefore applied different
tapers to the data producing maps at different angular resolu-
tions (4.′′3 × 4.′′1 for a taper to 90m and 7.′′7× 6.′′3 for a taper to
50m). We will call these datacubes taper50 and taper90 in the
following. We used the Ho¨gbom cleaning procedure, and tried
also the Clark procedure which gave no important differences.
In the cleaning process we identified and marked in each chan-
nel the areas containing emission. We used a loop gain of 0.1
(we also tried a loop gain of 0.2 without noticing important dif-
ferences). We cleaned down to 1.5% of the peak emission (which
corresponds to about 0.5σ). We used the recommended trunca-
tion threshold of 0.2 of the primary beam sensitivity. We binned
2 IRAM is supported by INSU/CNRS (France), MPG (Germany)
and IGN (Spain).
3 http://www.iram.fr/IRAMFR/GILDAS
2 channels of the high-velocity resolution data yielding a veloc-
ity resolution of 1.6 km s−1.
2.2. Multiwavelength data from Duc et al. (2007)
We made use of the large collection of data presented in Duc
et al. (2007), in particular single-dish CO(1-0) and CO(2-1) data
from the IRAM 30m telescope, HI data, UV data in the FUV (λ
= 151 nm) and NUV (λ = 227 nm) band from GALEX and an
Hα map. A detailed description of these observations and their
data reduction are presented in Duc et al. (2007). Here we only
summarise the most relevant aspects.
The HI data were retrieved from the VLA archive. They had
originally been obtained as part of the VIVA project (project
ID: AK563), a systematic survey of HI rich objects in VIRGO
(Chung et al. 2009). The final, robustly weighted HI data cube
that we use here has a beam of 14.′′7 × 14.′′3 and an rms noise
of 0.6 mJy beam−1, corresponding to a detection threshold (as-
suming a 3 σ detection across 3 channels) of 9× 1019 cm−2. The
velocity resolution is 7.3 km s−1.
The CO spectra were observed with the IRAM 30m tele-
scope. A map with a spacing between pointings of 7′′ was ob-
tained, covering roughly the extent of the HI cloud (see Fig. 2
of Duc et al. 2007). The velocity resolution is 2.6 km s−1 for the
CO(1-0) spectra and 1.3 km s−1 for CO(2-1).
2.3. Spitzer data
We downloaded data obtained with the Spitzer telescope (Werner
et al. 2004) from the Spitzer Heritage Archive. The field contain-
ing VCC 2062 was observed with the Infrared Array Camera
(IRAC, Fazio et al. 2004) and with the Multiband Imaging
Photometer (MIPS, Rieke et al. 2004). The images were pro-
cessed with the Spitzer Super-Mosaic Pipeline and no further
reduction was carried out. VCC 2062 was detected in all IRAC
bands and in the 24 µm MIPS band. It was not detected by MIPS
at 70 µm nor 160 µm.
2.4. Deep optical data
The deep optical images used in this paper were obtained at the
Canada-France-Hawaii Telescope as part of the Next Generation
Virgo Cluster Survey (NGVS, Ferrarese et al. 2012). NGVS used
an observing strategy and data reduction pipeline (ELIXIR-LSB,
Cuillandre et al., in prep.; Duc et al. 2015) optimized for the
detection of extended LSB objects. Images were obtained in the
u, g, i, and z-bands. Thanks to the low limiting surface brightness
achieved – about 29 mag arcsec−2 in the g-band –, a wealth of
so far unknown faint stellar structures could be detected around
NGC 4694 and give new insight in the history of this galaxy and
its relation to VCC 2062.
Fig. 1 shows a combined three-colour image of both objects
in which the SF regions in VCC 2062 are clearly visible. Both
galaxies are connected by a long and broad HI plume which ex-
tends to about twice the distance between them. Interestingly,
towards the end of this HI plume, two further, much smaller, SF
regions can be seen.
Fig. 2 shows an image in the g-band, in which the low bright-
ness structures are highlighted. The distorted and asymmetric
appearance of NGC 4694 can be seen. Very noticeable is the
broad stellar bridge from this galaxy to VCC 2062.
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Fig. 2. Deep g–band image from the NGVS of NGC 4694 and
VCC 2062.
3. Properties of the molecular gas
3.1. Distribution and mass of the molecular gas
Appendix A presents the channel maps of the taper50 data cube
showing that emission is visible in the velocity range between
1129 and 1159 km s−1, distributed in various clouds and show-
ing a velocity gradient along the NE-SW direction. In Fig. 3 we
display the velocity integrated CO map. In the upper panel, two
clearly separated regions of emission are visible which we call
the NE and the SW clouds. In the very South, close to the edge
of our imaged area, there is a further region (labelled “Southern
cloud”). We tested the significance of this emission by creating
a larger map going out to 10% of the primary beam sensitivity
and inspecting visually the spectra in this region. We concluded
that the emission is real, but at the limit of significance. We will
therefore not include this emission in our quantitative analysis.
The higher-resolution image (lower panel), shows that the NE,
and even more the SW, cloud consist of various smaller clouds.
Based on this distribution of the CO, we defined different re-
gions in the galaxy, corresponding to the NE and SW cloud and
the total emission (see Fig. 3). For each region, we determined
the integrated spectrum which is shown in Fig. 4. The line widths
in the two regions are ∼ 20 km s−1(SW) and ∼ 25 km s−1 (NE).
We then determined the velocity integrated flux of the spectra
by integrating over channels with emission. The error was calcu-
lated as 4S = σ√4VdV where dV is the width of a channel (1.6
km s−1), 4V is the velocity range over which the integration was
carried out and σ is the rms noise level, determined in the part
of the spectrum where no emission was detected. The values are
measured from the taper90 map, but the agreement with the ta-
per50 map is within ∼ 10%. The results are listed in Table 2. We
can compare the value to the total flux obtained over the same
area with the IRAM 30 m telescope of 7.5 Jy km s−1(Duc et al.
2007), with an estimated error of about 20%. Thus, the inter-
ferometric observations yield about (70±15)% of the flux from
single-dish observations, showing that at most a small fraction
of smoothly distributed, diffuse CO may be resolved out.
We calculated the mass of the molecular gas from the PdBI
CO fluxes as
Mmol = 1.05 × 104D2MpcS CO(1−0) M, (1)
where D2Mpc is the distance in Mpc and S CO(1−0) is the CO(1-
0) flux in Jy km s−1(see Bolatto et al. 2013). This expression is
based on a conversion factor of XCO = 2× 1020 cm−2/(K km s−1)
Fig. 3. Velocity integrated (from 1129 to 1159 km s−1) inten-
sity of the CO(1-0) data cube. Different regions of emission are
labelled. The contours indicate the apertures used to derive the
fluxes. Upper panel: data cube tapered at 50m (beam size 7.′′7 ×
6.′′3), Lower panel: data cube tapered at 90m (beam size 4.′′3 ×
4.′′1).
and includes a mass fraction of helium of 1.36. The molecu-
lar gas masses are listed in Table 2, together with the molecular
mass surface densities, which were calculated by dividing the
mass by the area over which the CO flux was integrated.
3.2. Comparison of CO and HI emission
Figure 5 compares the distribution and kinematics of CO and HI
emission. The left panel shows an u–band image overlaid with
both the total CO map at ∼7′′ resolution (red) and the HI map at
∼14′′ resolution (blue). The CO cloud to the NE coincides with
a strong HI peak (Σatom∼8 M pc−2) and several stellar clusters.
The CO cloud to the SW, instead, lies between two HI peaks;
faint star clusters are present in this region. The molecular gas
fraction is around 30% everywhere (see Table 2) which is in the
range of what Casoli et al. (1998) found for spiral galaxies of
type Sa-Sc, and much higher than their result for Sd spirals and
irregulars (less than 5%).
The middle panel shows the HI velocity field (from Lelli
et al. 2015) overlaid with the total CO map. Lelli et al. (2015)
analysed high-resolution HI data of VCC 2062 and found that
the HI emission can be described by a rotating disc model. The
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Table 2. CO(1-0) velocity integrated flux (from 1129 to 1159 km s−1), SCO, molecular gas mass, mean molecular surface density,
atomic gas mass, mean atomic surface density, and molecular gas mass fraction in different regions.
Region Area SCO Mmol Σmol Matomb Σatom Mmol/Mgas
[kpc2] [Jy km s−1] [106 M] [Mpc−2] [106 M] [Mpc−2]
NE 2.9 3.4±0.2 10.3± 0.6 3.6±0.2 26± 3 8.9±0.9 0.28±0.03
SW 1.7 2.0±0.2 6.1±0.6 3.5±0.4 13±1 7.9±0.8 0.32±0.05
totala 5.2 5.4±0.2 16.4±0.6 3.2±0.1 46±5 8.9±0.9 0.26±0.03
Notes. (a) ”Total” refers to the CO-emitting area for both the molecular and the atomic gas mass, not to the total HI area of the TDG (see Fig. 5).
(b) For consistency with the molecular gas, we include in the atomic gas mass a helium fraction of 1.36.
Fig. 4. CO spectra (black lines), integrated over different regions
(see Fig. 3 for the corresponding apertures), overlaid with the HI
spectra (red dashed lines) in the same areas.
blue cross and ellipse in Fig. 5 illustrate, respectively, the cen-
tre and extension of the HI disc as derived by Lelli et al. (2015).
Clearly, the CO emission is displaced to the SW of the kinematic
centre, lying on the approaching, blue-shifted side of the HI disc.
The NE half of the HI disk contains only older stars.
The right panel compares Position-Velocity (PV) diagrams
derived from the HI and CO cubes (red and black contours, re-
spectively). There is excellent agreement between HI and CO
kinematics. The HI gas has a broader line width than the CO gas
(see also Fig. 4 for a direct comparison of the CO and HI spec-
tra), which is most likely due to the lower velocity and angular
resolutions of the HI data. The horizontal line indicates the HI
systemic velocity: clearly the CO mainly probes the kinematics
on the approaching side of the disc. The shape of the CO PV
diagrams suggests a rising rotation curve that perhaps flattens in
the outer parts, as it is often seen in dwarf galaxies (e.g. Swaters
et al. 2009; Lelli et al. 2012a,b). We note, however, that these
PV diagrams do not correspond exactly to the disc major axis
(they were chosen to go through the peaks of the CO emission),
hence they do not capture the full disc rotation (cf. Fig. 5 of Lelli
et al. 2015). Towards the very SW, outside the ellipse showing
the extension of the HI disk, the HI emission is not consistent
anymore with a rotating disc; it is representative of the underly-
ing tidal debris, showing broad and asymmetric HI line profiles.
3.3. Comparison of CO with the distribution of SF regions
In Fig. 6 we show an overlay of the CO emission (contours) with
the 8 µm emission. The NE CO cloud coincides with consider-
able SF, visible in all tracers, whereas at the position of the SE
cloud weaker 8 µm. SF traced by 8 µm is also present close to
the emission of the tentative weak southern CO cloud, close to
the edge of our field of view.
4. Spectral Energy Distribution and modelling
4.1. Photometry
We made use of the multiwavelength maps available for VCC
2062 and determined the Spectral Energy Distribution (SED)
from the FUV to 24 µm. We used the same aperture for all bands
and carried out the photometry in 2 areas, (i) an aperture en-
compassing the entire object visible in the optical, including an
extended area with weaker emission and no signs of substantial
young SF, as traced for example by Hα or 8 µm emission (see
the lower left image in Fig. 1), and (ii) an aperture encompassing
the total CO emission (the same aperture as in Fig. 3). For each
image, we subtracted the average sky background measured in
close-by regions outside of the main aperture. For the Spitzer
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Fig. 6. Overlay of IRAC 8 µm data (colour) and CO contours
(black contours), starting at 0.15 Jy km s−1 beam−1 (∼ 3σ) and
incrementing in steps of 0.1 Jy km s−1 beam−1. The green con-
tours show the apertures used for the measurement of the SFR
and molecular gas. The outer black line shows the Field of View
of the PdBI observations.
images we applied, following the IRAC and Spitzer handbooks
aperture correction factors of 0.95, 0.97, 0.88 and 0.83 for the
IRAC bands 1 to 4 and a factor of 1.12 for the MIPS 24 µm
band. For the NGVS data no aperture corrections were necessary
due to their high angular resolution compared to the aperture
size. For the GALEX images we estimated the aperture correc-
tion from the 8 µm image which shows a similar structure. The
aperture correction was derived as the ratio between the flux of
the original 8 µm map to the flux from the 8 µm map convolved
to the GALEX resolution. We derived values for the aperture
correction of 2% for the FUV and 3% for the NUV emission.
We determined the error as the quadratic sum of 3 compo-
nents: (i) The photometric error due to the noise in the image.
This component was usually negligible. (ii) The error due to
variations in the background level, estimated from the differ-
ences of the mean values in the various background apertures.
(iii) Calibration uncertainty as listed in Table 1.
The fluxes derived are listed in Table 3. They are corrected
for a Galactic extinction of AV = 0.11, based on the Schlafly
& Finkbeiner (2011) recalibration of the Schlegel et al. (1998)
extinction values and extrapolated using the Cardelli et al. (1989)
extinction law with RV = 3.1.
4.2. SED modelling with CIGALE
To estimate physical properties of VCC 2062, we modelled the
SED with the latest release of the CIGALE code4 (version num-
ber 0.8.1, Boquien et al. in prep.). We built a grid of models,
including different SF histories, stellar populations, attenuations
(shape of the attenuation curve and normalisation), and emission
by dust. The full grid is made of 20,966,400 models. In more de-
tail, these components cover the following parameter space:
1. Guided by the high UV/Hα luminosity ratio, we modelled
the SF history by a double decaying exponential. The first
exponential represents the long term SF of the object, start-
ing 13 Gyr ago and with an e–folding time ranging from
4 http://cigale.lam.fr
Table 3. Fluxes for the total emission in various bands
Band λ Flux
[µm] [mJy]
total galaxy CO area
FUV (GALEX) 0.154 0.055 ± 0.005 0.039 ± 0.004
NUV (GALEX) 0.232 0.083 ± 0.005 0.051 ± 0.003
u (NGVS) 0.381 0.19 ±0.02 0.10 ±0.01
g (NGVS) 0.487 0.32± 0.03 0.15± 0.01
i (NGVS) 0.769 0.35 ± 0.03 0.17 ± 0.01
z (NGVS) 0.887 0.33 ± 0.06 0.15 ± 0.02
IRAC1 (Spitzer) 3.5 0.23 ± 0.03 0.14 ± 0.02
IRAC2 (Spitzer) 4.5 0.19 ±0.02 0.10 ±0.01
IRAC3 (Spitzer) 5.8 0.83 ± 0.35 0.59 ± 0.14
IRAC4 (Spitzer) 8.0 1.9 ± 0.4 1.3 ± 0.2
MIPS1 (Spitzer) 24 1.3 ± 0.7 1.0 ± 0.3
1 Gyr to 8 Gyr in steps of 1 Gyr. The second exponential
represents the latest star–forming episode having started be-
tween 50 Myr and 500 Myr ago, with an e–folding time from
50 Myr to 500 Myr, both in steps of 50 Myr. This second
episode is assumed to have formed between 0.1% and 50%
(the sampling being 0.1%, 0.5%, 1%, 5 %, 10%, and after-
wards increasing in steps of 5% until 50%) of the total stellar
mass.
2. The stellar populations are assumed to have a constant,
solar metallicity of Z=0.02. This metallicity is appropiate
for VCC 2062 which has 12+log(O/H) = 8.6 (Duc et al.
2007), close to the Solar metallicity of 12+log(O/H) = 8.66
(Asplund et al. 2005).
3. We adopt a Chabrier (2003) Initial Mass Function (IMF),
which is very similar to the Kroupa IMF.
4. The stellar populations are attenuated with a power–law–
modified starburst extinction law (A(λ) = A(λ)S B ×
(λ/550 nm)δ, with −0.5 ≤ δ ≤ 0.0 (in steps of 0.1)). The
E(B − V) reddening of stars younger than 10 Myr is com-
prised between 0.1 mag and 0.75 mag (increasing in steps
of 0.05 mag). Young stars that have not yet broken out com-
pletely from their birth clouds tend to be more attenuated
than the old stellar population (e.g. Calzetti 2013). In order
to take this into account, we apply a reduction factor (0.25,
0.50, or 0.75) to the reddening of old stars.
5. The emission of dust is computed from the absorbed energy
from the UV to the near–infrared through an energy balance
principle, modelled using the Dale et al. (2014) template,
with the α parameter varying between 0.5 and 4.0, in steps
of 0.5.
Finally, the physical properties such as the SFR, the stel-
lar mass, or the attenuation are estimated from the full grid
of models through a Bayesian–like analysis of their respective
marginalised probability distribution function.
We show the best fit for the total galaxy in Fig. 7. The most
relevant best-fit parameters are listed in Table 4 (both for the to-
tal galaxy and for the CO-emitting region). The stellar emission
was fitted by a combination of a burst and an underlying older
component. The mass fraction in the burst (∼ 40%) is found to
be considerable but the exact value is not well constrained. The
age of the burst of about 0.3 Gyr is consistent with the expected
age of the merger (several hunddred Myr). The SFR has been
declining by a factor of about 1.4 during the last 100 Myr.
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Table 4. Best-fit parameters derived with the CIGALE SED-
fitting
Parameter total galaxy CO area
present SFR (10−3 M yr−1) 3.9 ± 0.9 3.0 ± 0.4
past SFRa (10−3 M yr−1) 5.4 ± 1.0 3.7 ± 0.7
total stellar mass (106 M) 7.1 ± 2.0 3.1 ± 0.9
age of the burst (Myr) 376 ± 99 313 ± 86
AV (mag) 0.24 ± 0.06 0.28 ± 0.06
AFUV (mag) 1.25 ± 0.17 1.31 ± 0.15
Notes. (a) SFR averaged over the past 108 yr.
The SED of VCC 2062 has been modelled before by
Boquien et al. (2010). The present analysis includes two ma-
jor improvements. (i) The quality of the data set has improved
substantially. Apart from a higher image quality in the optical
range, the data set now includes high-quality data in the i and z
bands which were absent or very poor in Boquien et al. (2010).
(ii) The modelling is done with the CIGALE code instead of
PEGASE which was used in Boquien et al. (2010). The most rel-
evant improvement in CIGALE is that the fitting process relies
on a Bayesian estimate of the marginalised probability distribu-
tion functions, allowing more reliable estimates of the physical
properties and the associated uncertainties. Furthermore, the en-
tire SED from the UV to the IR is modelled consistently now,
with the energy absorbed in the UV being re-emitted in the IR
by the dust. This allows us to make use of the mid-IR emission
which is crucial to break the age-attenuation degeneracy of the
object. The results obtained here remain broadly consistent with
those from Boquien et al. (2010), but represent a considerable
improvement, for example with respect to the the SFR which
could not be determined reliably in the previous study.
Fig. 7. Observed SED of VCC 2062, together with the best fit
derived with CIGALE. In the bottom panels the residuals from
the comparsion between model and observations are shown.
5. The SF law in VCC 2062
5.1. Calculation of the star formation rate
The high-resolution CO data allows us to study the SF law sep-
arately for the NE cloud and SW cloud, as well as for the re-
gion encompassing the entire molecular gas emission. Hence,
we are probing SF on a ∼ kpc scale (the linear sizes of the NE
and SW regions are 2.5 and 1.6 kpc, respectively). We calculated
the SFR using different tracers which allows us to obtain a com-
plete picture of the SF history. Whereas Hα is emitted from the
most massive, ionizing stars and traces the very recent SFR (∼
10 Myr), the UV radiation is emitted mostly by stars of several
solar masses and probes the SFR over the past 100 − 200 Myr.
Both emissions need to be extinction-corrected, which can intro-
duce a considerable uncertainty. The emissions by dust at 8 µm
and 24 µm have the advantage of being, due to their long wave-
lengths, practically extinction-free SF tracers, but they rely on
the presence of dust and might therefore miss the fraction of SF
which is not attenuated. The combinations of stellar and dust
emission (here we use 8 µm, 24 µm and Hα/UV) are expected to
be the most reliable tracers as they are sensitive to both dust-free
and dust-enshrouded regions with no need to apply an extinction
correction (see Kennicutt & Evans 2012).
We carried out aperture photometry on the FUV, Hα, 8 µm
and 24 µm images using the aperture as following the CO emis-
sion (total emission, NE and SW cloud, see Fig. 3). In addition,
we derived the flux for the highest-resolution SFR tracers, Hα
and 8 µm using smaller apertures centred on peaks of the 8 µm
emission (see Fig. 6). In order to take the different angular res-
olutions of the data into account we performed a Gaussian con-
volution on the Hα and 8 µm map to the resolution of the ta-
per90 CO data (4.′′2). The resolution of the GALEX FUV map
is comparable to that of the taper90 CO. On the other hand, the
resolution of the 24 µm is slightly worse. We ignore this effect
because it is expected to be small compared to the flux uncer-
tainty and because the 24 µm emission is not our main SF tracer.
In this analysis we give more weight to the combined 8 µm and
Hα emission which has a higher resolution and higher signal-to-
noise.
The stellar contribution to the 8 µm was found to be less than
0.5% in the CIGALE modelling, and therefore we assume that
the 8 µm emission is entirely emitted by dust. We corrected the
UV emission for Galactic foreground extinction (see Sect. 3.5).
We furthermore applied a correction for the internal extinction
based on the values derived in the SED modelling with CIGALE
(Table 4). The total extinction correction of the UV flux was
significant (a factor∼ 4). The extinction correction of the Hα flux
was very small (0.07 mag, or a factor of 1.06), derived from the
Hα/Hβ ratio (Duc et al. 2007).
We used the prescriptions in Tables 1 and 2 of Kennicutt
& Evans (2012) to derive SFRs, both from monochromatic and
mixed (stellar+dust dust emission) tracers, except for the calcu-
lation of the SFR from the 24 µm emission where we used the
relation derived by Calzetti et al. (2007) from resolved observa-
tions (SFR = 1.27 10−38L0.84824µm(ergs
−1)). In addition we used the
relation from Zhu et al. (2008) to derive the SFR from the 8 µm
emission (SFR = 1.2 10−43L8µm(erg s−1)). All SFRs were calcu-
lated for a Kroupa IMF (Kroupa 2001) which is very similar to
the Chabrier IMF used in the CIGALE modelling.
The resulting values for the SFR, together with the SFR sur-
face densities, ΣSFR, are listed in Table 5. The uncertainty in the
SFRs is only partly due to the error in the fluxes from which they
are calculated, but more by the intrinsic uncertainty in the cali-
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Table 5. SFR parameters for the different regions
Band Fluxa Luminositya SFRb τdepc ΣSFRb
[mJy]d [1038 erg s−1] [10−4M yr−1] [1010 yr] [10−4 M yr−1 kpc−2]
[10−15 erg cm−2 s−1] d
Total emission
FUV 0.039± 0.004 265.4 39.1 0.47 7.56
Hα 4.24± 0.42 1.46 7.8 2.3 1.52
8 µm 1.25± 0.18 161.33 19.4 0.9 3.74
8 µm+Hα - - 17.8 1.0 3.44
24 µm 1.00± 0.30 43.19 15.2 1.2 2.95
24 µm+FUV - - 19.4 0.9 3.77
24 µm+Hα - - 12.5 1.5 2.43
NE cloud
FUV 0.030± 0.003 205.2 30.2 0.61 5.84
Hα 3.76± 0.38 1.22 6.6 1.7 2.27
8 µm 0.92± 0.12 118.67 14.2 0.8 4.94
8 µm+Hα - - 13.9 0.8 4.82
24 µm 0.87± 0.18 37.33 13.3 0.8 4.54
24 µm+FUV - - 15.7 1.2 5.33
SW cloud
FUV 0.008± 0.001 51.7 7.6 2.4 1.47
Hα 0.60± 0.06 0.19 1.0 6.3 0.60
8 µm 0.26± 0.05 33.26 4.0 1.6 2.32
8 µm+Hα - - 3.1 2.1 1.79
Notes. (a) The fluxes and luminosities are corrected for Galactic foreground emission as explained in Sect. 3.5. (b) The SFRs derived from the UV
flux takes into account both the Galactic foreground extinction and an internal extinction derived from the stellar population fit (see Table 3 and
Sect. 3.6). (c) Molecular gas depletion timescale, calculated as the ratio between the SFR from column 4 and the molecular gas mass from Table 1.
(d) The unit for most fluxes entries is mJy, expect for Hα which is given in 10−15 erg cm−2 s−1. (e) We did not detect any significant emission at
24 µm in the SW region.
bration of the SFR tracers which can be up to a factor of 2 (Leroy
et al. 2012). The dust derived and combined tracers give similar
results in all regions. The SFR derived from the Hα emission
yields a SFR which is a factor ∼ 2 lower while the UV emission
tends to give a higher SFR by a factor of ∼ 2 (both compared
to dust derived and combined tracers.) The largest difference is
thus between the SFR derived from FUV and from Hα (factor
2-5). This result could be due to the sensitivity of both tracers to
extinction which makes them less robust than the combined trac-
ers. The higher SFR derived from the UV could also be the result
of the decreasing SFR after a single burst of SF and the short life-
time of the Hα compared to the UV emitting stars. Interestingly,
such an effect has also been found by Lee et al. (2009) for a
sample of ∼ 300 dwarf galaxies that showed, in contrast to spiral
galaxies, a systematically lower SFR from Hα than from UV (all
SFR tracers having been corrected for extinction).
5.2. Comparison to star formation laws
Fig. 8 shows the comparison of ΣSFR to the surface density of
the CO-derived molecular gas, as the phase that is more closely
related to SF, for different regions in VCC 2062 in a classical
Kennicutt-Schmidt (KS) plot. We show the values derived for
the different regions (NE, SW and entire CO-emitting area) and
different tracers from Table 5. Furthermore we show the values
for the small apertures centred on the SF peaks in the NE region.
We also include the present and past SFR surface density derived
from the SED fitting with CIGALE (Table 4). We compare the
data from VCC 2062 to those of a sample of spatially resolved
observations of nearby galaxies from HERACLES (Bigiel et al.
2011)5. From these data, as well as from the earlier studies by
Bigiel et al. (2008) and Leroy et al. (2008), a linear relation
between ΣH2 and ΣSFR has been found for angular scales be-
tween 180 pc and 1.7 kpc. Bigiel et al. (2011) compared the
HERACLES data to an extensive data set of galaxies from the
literature and found a consistent trend, albeit with an increased
scatter (about 0.5 dex). Their linear relationship implies a con-
stant gas depletion time of ∼ 2.35 Gyr which can be interpreted
as a constant SFE per molecular cloud.
In Fig. 9 (left) we show a similar relation, but now comparing
ΣSFR to the surface density of the total (molecular and HI) gas.
We include, for comparison, data for the galaxy sample from
Kennicutt (1998), spanning from spiral to starburst galaxies, and
the corresponding fit to those data which is a power-law in the
form ΣSFR∝ Σgas1.4.
As a third SF law we test the relation proposed by Krumholz
et al. (2012) (Fig. 9 (middle). They derived a good relation be-
tween ΣSFR and Σgas/τff , holding from molecular cloud scales to
starburst galaxies, where τff is the local free-fall time of the gas.
This quantity can be calculated, assuming that the molecular gas
is distributed in GMCs, as
τff =
pi1/4√
8
 σ
GΣ3GMCΣgas
1/4 , (2)
where G is the gravitational constant, σ the gas velocity dis-
persion, ΣGMC the surface density of a typical molecular cloud,
adopted, following Krumholz et al. (2012), as 85 M pc−2, and
Σgas the average gas surface density in the region where the stars
form. We adopt for the molecular gas the same velocity disper-
sion as for the atomic gas (σ = 7 km s−1, Lelli et al. 2015). We
5 The SFR and gas masses for this sample and the other samples
used for comparison, are adapted to our choice of the IMF, CO-to-H2
conversion factor and helium fraction.
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note, however, that this model should be applied with caution
to VCC 2062 where not only gravitational but also tidal forces
might be important.
The values of ΣSFR of VCC 2062 lie below all these three
relations. The difference is particularly large for the SFR de-
rived from the hybrid SF indicators, and largest for the SW cloud
(more than a factor of 10). The difference for the SFRs derived
from the extinction-corrected UV emission and with CIGALE
are less pronounced. They are on the low side, just outside the
scatter, of what is expected from the spiral galaxy sample. The
values of both ΣSFR and Σmol depend on the size of the aperture
and increase for smaller apertures which are centred on peaks of
the SF region. However, they still lie well below the three rela-
tions even for the smaller apertures.
As a final test, we looked into the relation between ΣSFR and
Σgas/τorb (Elmegreen 1997; Silk 1997). Kennicutt (1998) found
that this prescription adjusted the data as well as just with Σgas.
Moreover, starburst galaxies at high redshifts seem to deviate
from the standard KS relation but adhere to its kinematical ver-
sion with orbital times (Daddi et al. 2010; Genzel et al. 2010).
This relation implies that per rotation period about 10% of the
available gas is converted into stars. The physical reason for this
relation is still open and includes processes such as spiral den-
sity waves or, in a slightly modified model, cloud-cloud colli-
sions (Tan 2000) or cloud collapse due to a large-scale Toomre
instability (Krumholz et al. 2012). Intriguingly, a similar relation
between ΣSFR and Σgas/τorb also holds for dwarf galaxies, which
lack a well-defined spiral pattern and are probably forming stars
in a HI-dominated regime (Lelli et al. 2014). There are, however,
also observations that do not strongly support this prescription.
Leroy et al. (2008) compared the orbital timescale to the radial
variation of the SFE and concluded that τorb alone cannot explain
SF, and Krumholz et al. (2012) showed that a relation between
ΣSFR and Σgas/τorb is not able to explain the process of SF from
very small (molecular clouds) to large (starburst) scales.
Due to the lack of DM, VCC 2062 has a long orbital pe-
riod of, derived from the HI, 1.2 × 109 yr (Lelli et al. 2015).
Together with the mean gas depletion time of ∼ 1 − 2 × 1010 yr
(derived from the mixed tracers, see Table 4) we derive a gas
consumption time per revolution of 6-12% in the range of the
value of 10% found by Kennicutt (1998) In Fig. 9 (right) we
compare the relation derived with this value for VCC 2062 to
that of the sample from Kennicutt (1998). Indeed, VCC 2062
follows this relation well, with a very good agreement for the
NE region and the total emission and an offset towards low val-
ues only for the SE region. The similarity of the SFE per revo-
lution in VCC 2062 and spiral/starburst galaxies could indicate
that galaxy-wide processes related to the rotation are responsible
for the collapse of molecular clouds. If this were the reason we
would expect a similar result for TDGs in general. For the TDG
in Arp 158 (Boquien et al. 2011), the two TDGs in Stephan’s
Quintet (Lisenfeld et al. 2004) and a small sample of TDGs de-
tected in CO (Braine et al. 2001), τdep could be estimated and
was found – contrary to VCC 2062 – to be similar to that of spi-
ral galaxies (1−3×109 yr). These observations are mostly based
on single pointings with the IRAM 30m telescope which do not
resolve the structure of the TDGs and therefore do not allow us
to apply kinematical models to derive τorb. Thus, the analysis
of the available data of other TDGs does not allow to draw any
firm conclusions with respect to the role played by τorb in the SF
process.
Fig. 8. SFR surface density as a function of the molecular gas
surface density. The values are calculated for the NE cloud, the
SW cloud, the total area where CO is detected (see Fig. 3 for
the apertures), as well as for smaller apertures centred on the
peaks of the 8 µm emission in the NE cloud (see Fig. 6 for the
apertures, labelled here NL, NN and NS for the largest aper-
ture, northern and southern apertures, respectively). The data of
VCC 2062 compared to the results of a spatially resolved analy-
sis of HERACLES galaxies (Bigiel et al. 2011). The black dots
are their data points obtained at a 1 kpc angular resolution, the
solid black line shows their best-fit relation obtained and the
dashed line its standard deviation.
5.3. The specific star formation rate
We used the present SFR and the stellar mass derived from the
stellar population CIGALE fitting to calculate the specific SFR
(sSFR), as sSFR = SFR/M∗, yielding sSFR = 5.5 × 10−10 yr−1.
This value lies in the range typical for low-mass spiral galaxies
with stellar masses of 108 − 109 M (see Kennicutt & Evans
2012, for a summary). Applying the relation from Schiminovich
et al. (2007) (log(sSFR) = -0.36 log(M∗)-6.4) we would expect a
somewhat higher sSFR for the low-mass VCC 2062 (M∗ = 7 106
M), of the order of 10−9 yr−1. The most likely reason for the
somewhat lower value is that VCC 2062 is a recycled galaxy
so that part of its stars might come from the parent galaxy and
have not formed in situ. Fig. 2 supports this conclusion since
it clearly shows a bridge of old stars from NGC 4695 to VCC
2062. We can test this by deriving the sSFR only in the part of
the galaxy where recent SF takes place, assuming that all the
stars here have formed in VCC 2062. When we use the CIGALE
value for the SFR and M∗ for the CO-emitting area and derive
sSFR = 9 × 10−10 yr−1, close to the expected value.
6. Discussion
6.1. VCC 2062 as an old TDG
Duc et al. (2007) studied VCC 2062 in detail and concluded that
it is most likely an old TDG. In this study we confirm this view.
Two important new pieces of evidence reinforce the past con-
clusion. (i) A kinematical analysis by Lelli et al. (2015) shows
that there is no evidence for DM in VCC 2062, as predicted for
this class of objects. (ii) The deep NGVS image reveals a bridge
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Table 6. Data for the molecular gas and SFR for a sample of
TDGs
Name Dist FWHM Area Mmol SFR Ref.
[Mpc] [′′/kpc] [kpc2] [107 [10−2
M] Myr−1]
Arp158 62.1 22 / 6.6 49.3 8.5 5.0 (1)
Arp105S 115.0 22 / 12.2 169.9 19.8 8.1 (2)
NGC4676N 90.0 22 / 9.6 201.5 10.3 8.1 (2)
NGC7252W 64.0 11 / 3.3 12.6 1.3 0.5 (2)
SQB 85.0 22 / 10.0 112.2 48.3 32.2 (2,3)
SQB 85.0 4 / 1.6 21.2 34.0 30.0 (4)
SQtip 85.0 4 / 1.6 5.0 11.0 5.0 (4)
J1032+1952 20.4 22 / 2.2 6.0 10.5 2.4 (5)
Arp245N 31.0 22 / 3.3 27.0 19.0 9.0 (6,7)
VCC 2062 (NE) 17 22 / 1.8 7 2.3 0.2 (8,9)
VCC 2062 (total) 17 22 / 1.8 2.7 1.4 0.2 (8,9)
Notes. All data are adapted to include He in the molecular gas mass
and to a Kroupa IMF. The SFR is mostly derived from Hα except for
Arp 158 where it is derived from FUV and 24 µm. The area denotes
the area over which the Mmol and SFR have been determined which
can be larger than the resolution of the observation. References for the
molecular gas and SFR dat. (1) Boquien et al. (2011) , (2) Braine et al.
(2001) (Table 2) and reference therein, (3) Lisenfeld et al. (2002a), (4)
Lisenfeld et al. (2004), (5) Lisenfeld et al. (2008), (6) Braine et al.
(2000), (7) Duc et al. (2000), (8) Duc et al. (2007) (for the CO from
IRAM 30m), (9) this paper (for the SFR).
between NGC 4694 and VCC 2062 (see Fig. 2), clearly show-
ing the connection between these objects. Besides, the new deep
image shows that the putative parent galaxy exhibits many tidal
disturbances consistent with the hypothesis that it is the result
from a major gas-rich merger, i.e. the type of collisions able to
form TDGs.
The large, multiwavelength data set available for VCC 2062
has allowed detailed analysis of the present and past SF, mak-
ing VCC 2062 the TDG with the best-studied SED. Previous,
similiar studies of TDGs and intergalactic SF regions (Boquien
et al. 2007, 2009, 2010), had to base their SED modelling on
a more incomplete wavelength range which limited the conclu-
sions, for example about the old stellar population. Our analysis
shows that the SFR has been declining in the past with a burst
that took place about ∼ 300 Myr ago and included a considerable
fraction of the mass of the object. This timescale is shorter that
the typical merger timescale of ∼ 1 Gyr (Bournaud 2010), con-
sistent with the picture that the SF has taken place in the TDG.
The mass fraction of stars formed in the burst (∼ 40%) is
higher than typical values in spiral and dwarf galaxies (see Gil
de Paz et al. 2003, finding that the burst strengths is < 1% in
Blue Compact Dwarf Galaxies) and typical of what is found
in TDGs for which in some cases no old stellar population is
found at all (Boquien et al. 2009, 2010). An open question that
remains is which fraction of the old stellar population is actu-
ally associated with the gravitationally bound object, VCC 2062,
and which part belongs to the tidal tail, visible in Fig. 2. About
half of the stellar mass derived for the entire object is situated in
the CO-emitting region with young SF. Most likely, at least this
fraction of the stellar mass belongs to VCC 2062. However, in
order to definitively conclude this, deep spectroscopical obser-
vations determining the kinematical association of the old stars
with VCC 2062 or the tail would be necessary.
6.2. Comparison to other TDGs
In Fig. 10 we show the KS-relation for a small sample of TDGs
taken from the literature (see Table 6), together with the data for
Fig. 10. Molecular Kennicutt-Schmidt (KS) relation of a small
sample of TDGs for which data for molecular gas and the SFR
is available in the literature (see Table 6 for the values and refer-
ences). Most observations are carried out with a single-dish tele-
scope (IRAM 30m telescope) except for two objects in Stephan’s
Quintet (SQ) which are marked with a square symbol. We also
include the values for VCC 2062 from IRAM 30m data (black
short line), both for the entire galaxy (lower end of the line) and
for a single pointing centred on the NE region (upper end of the
line). The Bigiel et al. (2011) relation for spiral galaxies and the
PdBI values for VCC 2062 (in red, magenta and blue) are shown.
VCC 2062. Most of the literature data have been obtained with
single dish telescopes (IRAM 30m) and have therefore a poor
angular resolution, corresponding to linear scales up to 12.2 kpc
(see Table 6), much larger than the size of the SF regions. This
has two consequences. (i) The surface densities are unrealisti-
cally low because the molecular gas mass and SFR are averaged
over a large area. (ii) There is some uncertainty as to where on
the KS-relation the objects would fall for smaller apertures cen-
tred on the SF regions.
The fact that almost all TDGs follow the standard KS-
relation indicates that SF in TDGs seems to proceed in the same
way as in spiral galaxies in spite of the very different local con-
ditions (DM content, presence of spiral density waves and tidal
forces) in both types of objects. The noticeable exception is
VCC 2062 which lies below the standard KS-relation.
6.3. Why is the SFE low in VCC 2062?
The SFR surface density in VCC 2062 is below what is expected
from its molecular gas surface density, both when comparing
it to spiral galaxies or other TDGs. The difference is particu-
larly large for the SW region which has only weak SF but a
considerable amount of molecular gas. The difference is larger
for SFRs based on dust and Hα than for those based on UV or
CIGALE modelling. Furthermore, the difference decreases for
smaller apertures which are centred on the peaks of SF visible in
8 µm within the NE region, but is still there. Thus, even though
the exact value of the SFE varies with the choice of SF tracer
and with the angular resolution, we find the consistent result that
the SFE is low in VCC 2062 compared to other TDGs and spiral
galaxies.
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The molecular gas surface density in VCC 2062 is very low,
among the lowest probed in similar studies (e.g. Bigiel et al.
2008, 2011; Schruba et al. 2011). SF in low gas surface den-
sities has been studied in the outskirts of galaxies (Schruba et al.
2011) or in LSB galaxies (Boissier et al. 2008; Wyder et al.
2009) and very low values of SFE(gas)= SFR/Mgas have been
found. However, in these regions molecular gas formation is not
very efficient and the molecular gas fraction is low. Possibly, the
SFE based on the (undetected) molecular gas would have been
normal. This is indeed what has been found in the outskirts of
galaxies by stacking the CO spectra Schruba et al. (2011). These
results are consistent with the picture that at low surface bright-
nesses the formation of molecular gas is inefficient, but when it
is present, it forms stars with the same SFE as in the inner disks
of spirals. The situation in the LSB galaxy VCC 2062 is very
different from the objects described above. Here, the molecular
gas fraction is considerable (Mmol/MHI≈ 0.3). The question is
why this molecular gas is forming stars at a very low efficiency.
VCC 2062 is not the only object with abundant molecu-
lar gas but little SF. Similar situations have been observed in
other unusual objects, for example in some regions of the TDG
candidate J1023+1952 in the system Arp 94 (Lisenfeld et al.
2008), the intergalactic bridge in Stephan’s Quintet (Lisenfeld
et al. 2002a; Guillard et al. 2012), the face-on colliding Taffy
galaxies (Braine et al. 2003, 2004), some galaxies in Hickson
Compact Groups (HCG; Alatalo et al. 2015) or in the gas in tails
stripped from galaxies in clusters (Ja´chym et al. 2014; Verdugo
et al. 2015). The reason for the lack of SF in spite of the pres-
ence of abundant, CO-traced molecular gas is not completely
clear, and might be different in each case. A possible reason is
the lack of a dense molecular gas phase, as in the bridge of the
Taffy galaxies. Braine et al. (2003) showed for this system that
molecular gas reformed quickly after the collision, but the dense
molecular cores were destroyed. In galaxies in HCGs, Alatalo
et al. (2015) argued that shock-injected turbulence perturbed the
molecular gas and decreased the SFE.
The situation in VCC 2062 is probably different from the
above examples. It is most likely a self-gravitating object, sim-
ilar to other TDGs in which, in general, the SFE seems normal
(see Sect. 5.2). However, the much lower surface brightness of
VCC 2062, both with respect to the gas and to the stars, is a
major difference between VCC 2062 and other studied TDGs.
The stellar surface density (0.6 M pc−2 within the CO-emitting
area) is considerably lower than Σgas which may lead to a flar-
ing in the gas disk, similar to what is seen in the outer disks of
spirals and irregular galaxies (Elmegreen & Hunter 2015), caus-
ing a decrease in the volume density of the gas. An additional
effect of the low surface density of newly formed stars is that
their combined radiation pressure is less efficient in dispersing
the molecular gas. Thus, we might simply be seeing the remain-
ing molecular gas, left-over after the formation of stars. Due to
the low stellar surface brightness the interstellar radiation field
and thus the gas temperature are most likely low. Shetty et al.
(2011) showed that there is only a weak dependence of XCO on
the gas temperature, T , (XCO ∝ T−0.5 for T ∼ 20− 100 K). Apart
from being weak, the direction of this dependence means that we
might slightly underestimate the molecular gas mass, and thus
overestimate the SFE, i.e. making the difference with respect to
spiral galaxies even larger.
The kinematic information of the gas allows us to apply the
stability criterium of Toomre (1964) and derive the critical gas
surface density for SF as
Σcrit,gas =
ασκ
piG
, (3)
where α is a constant which we adopt, following Martin &
Kennicutt (2001), as α = 0.69 and κ is the epicyclic frequency.
We derived critical densities of 2 and 4 M pc−2 for the SW and
NE regions, albeit with a high uncertainly (factor 2-3), mostly
because of the uncertainty in the rotation velocity which is a fac-
tor of 2 (see Tab. 7 in Lelli et al. 2015). However, even consider-
ing this uncertainty, the observed gas surface densities (between
11 and 13 M pc−2, see Tab. 2) seem to be above the estimated
critical value so that the gas is expected to be able to form stars.
Finally, the fact that VCC 2062 is a small object where SF is
intermittent might play a role when comparing its SF law to that
of larger spiral galaxies where local variations average out more
easily. In fact, the analysis of the HI distribution and kinematics
(Lelli et al. 2015) has shown that the SF regions are distributed in
a very asymmetric way in VCC 2062 (see Fig. 5). The young SF
regions all lie on one side of the kinematical centre, whereas the
old stars, traced by optical emission, are found also on the other
side and extend to the tidal tail connecting VCC 2062 to the
parent galaxy. Temporal variations in the SF history could have
two consequences. (i) The calibration of the SF tracers is differ-
ent from that in spiral galaxies. Indeed, Leroy et al. (2012) has
shown that SF tracers are not reliable and do not give very con-
sistent results among themselves on kpc scales and for values of
ΣSFR. 10−2 M yr−1 kpc−1. (ii) Our observations might be sensi-
tive to short temporal variations in the ratio between SFR tracers
and molecular gas mass which would average out in larger spi-
ral galaxies. Such an effect is expected to be particularly relevant
on small angular scales as in the small and faint region SE where
the SFE is indeed particularly low.
In summary, there are a number of reasons why the SFE in
VCC 2062 is low. We cannot firmly conclude which are the most
relevant ones, and very likely, several of them play a role. In any
case, it is very likely that the low surface brightness of the object
(both in stars and gas) plays an important role in lowering the gas
density, decreasing the stellar radiation feedback and increasing
the uncertainties in the standard SFR tracers.
7. Summary and conclusions
We presented new CO(1-0) data obtained with the Plateau de
Bure Interferometer of VCC 2062, a nearby TDG at the out-
skirts of the Virgo Cluster. These data have allowed us to study
the molecular gas distribution and kinematics. Using a large set
of complementary data we modelled the UV-to-IR SED and de-
rived the SFR from different tracers. Combining the SFR with
the CO data, we studied the SF law in this object. TDGs have two
important properties that make this analysis particularly interest-
ing: (i) In contrast to classical dwarf galaxies, their metallicity is
higher (typically of the order of 0.5-0.3 of the Milky Way value)
and therefore CO is a good tracer of the molecular gas, and (ii)
their DM content is very low and so we are able to study SF in
this extreme, DM-free environment. The main conclusions are
summarised as follows.
– The CO emission is distributed in two main regions, called
NE and SW. The NE region coincides with the peak of the
atomic gas and with SF tracers, whereas the SW region lies
in between two HI peaks and has little associated SF.
– A comparison of the atomic and molecular gas showed that
the atomic gas is more extended than the CO and young SF
regions. CO is only found on one side of the kinematical
centre of the galaxy. The HI and CO kinematics agree well
in the regions where their emissions coincide.
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– New, deep optical observations of this system with the
NGVS revealed a stellar bridge between the parent galaxy
NGC 4695 and VCC 2062. This, together with the negligi-
ble dark matter content found from HI kinematical modelling
(Lelli et al. 2015), gives the final proof that VCC 2062 is a
TDG.
– We modelled the UV-to-IR SED with CIGALE and found
that the SFR has noticeably declined in the recent past (a
factor of 1.3-1.4 between the present SFR and the SFR aver-
aged over the past 108 yr).
– We calculated the SFR from various tracers (UV, Hα, 8,
and 24 µm and combinations of them). In general the dif-
ferent tracers gave compatible results with the exception of
the UV which gave a factor ∼ 2-4 higher SFR. A declining
SFR or a paucity of massive stars are possible reasons. The
SFR surface density derived from the dust emission and Hα
was lower than those derived by the SED modelling from
CIGALE by a factor of ∼ 2-3.
– The molecular gas depletion time (= Mmol/SFR), derived at
different angular resolutions between 0.3 and ∼ 1.5 kpc, of
about 1 − 2 × 1010 Gyr, derived from Hα and dust trac-
ers, is long compared to the median value found by Bigiel
et al. (2011) (τdep= 2.35 Gyr, for different samples of galax-
ies). The discrepancy is particularly large for the SW region
(gas depletion time of ∼ 6 × 1010 yr). Similar discrepancies
were found when comparing VCC 2062 to other SF laws
(Kennicutt 1998; Krumholz et al. 2012).
– We compare the SFE of VCC 2062 to a small sample of
other TDGs, most of them with data for the molecular gas
at a poorer angular resolution. We find that TDGs in gen-
eral follow the same KS-relation as spiral galaxies and that
VCC 2062 is the only exception.
– We discussed various possible reasons for this long molecu-
lar gas depletion time. The difference is not due to an ineffi-
cient formation of the molecular gas since abundant molec-
ular gas is present. The low surface brightness of VCC 2062
most likely plays an important role in changing the physi-
cal conditions compared to more massive objects (decreased
mid-plane pressure, low stellar radiation field). Temporal ef-
fects due to intermittent SF and uncertainties in the calibra-
tion of the SF tracer might also play a role.
– Together with the orbital timescale τorb derived from the HI
analysis (1.2 × 109 yr, Lelli et al. 2015), we derived a gas
consumption per orbit of 6-12%, in the range of the value of
10% derived for spiral a starburst galaxies in spite of the lack
of DM in VCC 2062. High-resolution data for other TDGs
are necessary in order to find out whether this result holds
for TDGs in general which would indicate an important role
of τorb in the SF process.
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Appendix A: Channel maps
Fig. A.1 shows the channel maps of the taper50 data cube. Emission is visible in
the velocity range between 1129 and 1159 km s−1, distributed in various clouds
and showing a velocity gradient along the NE-SW direction.
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Fig. 1. Optical false-colour image based on a combination of u, g and i–bands from the NGVS of the system NGC4694 and
VCC 2062. In blue the HI emission is overlaid. At the bottom, enlarged images of 3 regions within the HI tail are shown: the
TDG VCC 2062, and two small SF regions at the end of the HI tail, HII-a and HII-b.
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Fig. 5. Left panel: u-band image overlayed with the CO (red contours) and HI emission (blue contours). CO contours are at ∼0.2,
0.4, 0.6 and 0.8 Jy km s−1 beam−1, corresponding to Σmol∼ 2. 4, 6 and 8 M pc−2. HI contours are at Σatom ∼ 2, 4, 6, and 8 M pc−2.
The bar to the bottom-left corner corresponds to 1 kpc. Middle panel: HI velocity field overlayed with the CO emission (contours
are the same as in the left panel). The blue cross and ellipse illustrate, respectively, the centre and extent of the HI disc investigated
by Lelli et al. (2015). The black circle and dashed line show, respectively, the centre and orientation of the slice used to obtain the
PV diagrams. Right panel: PV diagrams obtained from the HI and CO cubes along the dashed line in the middle panel. Contours
range from 3 to 15 σ in steps of 3σ, where σ = 4.5 mJy beam−1 for CO data (red) and σ = 0.6 mJy beam−1 for HI data (black).The
horizontal line corresponds to the systemic velocity of the HI disc.
Fig. 9. SFR surface density as a function of the total (H2+HI+He) gas surface density (left panel), gas surface density per free-fall
time (middle panel) and gas surface density per orbital timescale (right panel). The values for VCC 2062 (red, magenta and blue)
are labelled as in Fig.8. The SFR has been calculated with different tracers (see Sect. 5 and Table 5). Left: The values for VCC 2062
are compared to the sample of Kennicutt (1998). Middle: The surface density of the SFR is compared to the molecular surface
density per free free-fall time, following Krumholz et al. (2012). The values for VCC 2062 are compared to the sample of Kennicutt
(1998). The red dashed line gives the relation for a 1% efficiency, the value that Krumholz et al. (2012) find to describe the data
well. Right: The surface density of the SFR is compared to the molecular surface density per orbital times scale. A value of τorb=
1.2 109 yr (Lelli et al. 2015) is adopted for VCC 2062. The comparison sample is from Kennicutt (1998). The red dashed line gives
the relation for a 10% efficiency, the value that Kennicutt (1998) find as their average value.
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Fig. A.1. Channel maps of the emission tapered to 50m baseline length. The beam (size 7.′′7 × 6.′′3) is shown at the lower left corner
of each image. The cross indicates the central position of the observations.
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